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A long-held view is that stroke causes many distinct
neurological syndromes due to damage of special-
ized cortical and subcortical centers. However, it is
unknown if a syndrome-based description is helpful
in characterizing behavioral deficits across a large
number of patients. We studied a large prospective
sample of first-time stroke patients with hetero-
geneous lesions at 1–2 weeks post-stroke. We
measured behavior over multiple domains and lesion
anatomy with structural MRI and a probabilistic
atlas of white matter pathways. Multivariate methods
estimated the percentage of behavioral variance
explained by structural damage. A few clusters of
behavioral deficits spanning multiple functions ex-
plained neurological impairment. Stroke topography
was predominantly subcortical, and disconnection of
white matter tracts critically contributed to behav-
ioral deficits and their correlation. The locus of dam-
age explained more variance for motor and language
than memory or attention deficits. Our findings
highlight the need for better models of white matter
damage on cognition.
INTRODUCTION
Acornerstoneof clinical neurology is that focal brain injury causes
specific behavioral symptoms or syndromes that reflect the func-
tional specializationof different brainmodules. ABroca’s aphasia
is characterized by speech output deficits and classically local-
izes to the inferior frontal cortex/anterior insula (plus underlying
white matter), whereas alexia without agraphia is characterized
by reading deficits and classically localizes to the left occipito-
temporal cortex (plus or minus splenium of the corpus callosum).However, most of these syndromes have been described in a
handful of patients selected based on their unique behavioral
profile or lesion location. Hence it is unknown if a syndrome-
based description is helpful in characterizing behavioral deficits
across a large number of patients (for an historical perspective
on the origin of syndromes, see Doody [1993]).
In contrast, studies that have examined patterns of neurolog-
ical deficits in large samples with heterogeneous lesion locations
have reported that a small number of behavioral factors explain
neurological impairment well. For instance, studies on the factor
structure of the NIH Stroke Scale (NIHSS) (Lyden et al., 2004,
1999; Zandieh et al., 2012) indicate that two factors, one related
to left hemisphere and one to right hemisphere damage, capture
the great majority of variability in performance. However, this
simplified factor structure may simply reflect a lack of sensitivity
as cognitive functions are only cursorily assessed in the NIHSS.
The first goal of this study was then to determine patterns of
behavioral impairments and their variability across subjects in
a large (n = 132) sample selected to be representative of the
stroke population at large. A description of the main axes of
behavioral impairment is important not only for neuropsycholog-
ical correlation at the population level, but also for identifying
phenotypes for recovery or treatment studies in stroke, a disease
that is the major cause of disability worldwide (Duncan et al.,
2005).
The second goal was to describe the anatomy of stroke.
Several large-scale prospective studies have shown that the
majority of lesions are subcortical, and that cortical lesions
account for less than 15% of the total number of strokes
(Bogousslavsky et al., 1988; Kang et al., 2003; Wessels et al.,
2006). This fact runs counter to the emphasis given to cortical
strokes in terms of behavioral correlates, mechanisms of recov-
ery, and funding at the National Institutes of Health. In previous
studies, however, lesions were classified by visual inspec-
tion in broad anatomical categories (cortical, subcortical, and
cortical-subcortical). Here we perform single-subject segmenta-
tion of lesions and atlas-based voxel-wise analyses to generate
an average map of stroke damage.Neuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc. 927
Figure 1. Experiments and Timeline
The red outline indicates the data used in this
report.The third goal was to understand the relationship between
structural damage and behavioral impairment across multiple
domains of function (e.g., language, motor, memory). Previous
studies on the topography of stroke did not measure behavior.
There have also been numerous neuropsychological studies
that have considered the relationship between structural dam-
age and specific behavioral deficits (e.g., aphasia) in so called
‘‘lesion-symptom’’ mapping studies (Barbey et al., 2013; Bates
et al., 2003; Dronkers et al., 2004; Gla¨scher et al., 2009; Hillis
et al., 2002; Karnath et al., 2004). These studies have reported
specific loci of cortical or subcortical damage for different syn-
dromes, or for specific deficits within a syndrome (Barbey
et al., 2013; Hillis et al., 2005; Verdon et al., 2010). To our knowl-
edge no study has considered concurrently different kinds of
deficits and their correlation in the same cohort, as well as the
related variability both behavioral and structural. Furthermore,
in previous studies patients were selected based on the pres-
ence of the deficit of interest (e.g., aphasia) or a lesion in the loca-
tion of interest (e.g., left hemisphere lesions). Finally, these
studies applied univariate regression models, which can pro-
duce lesion-symptom maps but cannot determine the amount
of behavioral variance explained. Our goal was to use a multivar-
iate approach to examine lesion-behavior relationships across
multiple domains in a clinically relevant sample that was pro-
spective and included patients with any neurological deficit
and lesion location.
This design has several important features. First, it allows for
the localization of regions of damage that are important across
multiple cognitive domains. For instance, a recent paper argued
that damage to specific cortical hubs defined by fMRI connectiv-
ity in healthy subjects causes widespread impairments of many
cognitive functions (Warren et al., 2014). Second, it allows a
comparison across different neurological impairments of the
relative explanatory ‘‘weight’’ of structural damage, i.e., how
much of the behavioral variance is explained by anatomical dam-
age. For instance, motor deficits, which presumably are depen-
dent on the corticospinal output, may have a strong association
with structural damage (Carter et al., 2012; Schaechter et al.,
2009). In contrast, attention and memory deficits, which rely on
more distributed patterns of activity (Awh and Jonides, 2001;
Corbetta and Shulman, 2002), may have a weaker relationship.
Understanding the relative importance of structural damage on928 Neuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc.behavior is fundamental to our under-
standing of stroke pathogenesis, recov-
ery, and outcome.
A final innovation is that clinical-
anatomical correlations were carried out
with a novel multivariate method based
on machine learning (ridge regression).
Multivariate methods control for hidden
biases, such as the vascular distribution
of damage, that consistently distortlesion-deficit maps computed using commonly used voxel-wise
univariate methods (Mah et al., 2014; Phan et al., 2010). These
biases can displace inferred critical regions from their true loca-
tions in a manner opaque to replication. Ridge regressionmodels
allow us to predict behavioral variance based on structural fea-
tures including volume, location, white matter tracts affected, or
functional features (e.g., patterns of functional connectivity).
RESULTS
Subjects (n = 172) with a first symptomatic stroke, ischemic or
hemorrhagic, anywhere in the brain and clinical evidence of
any neurological impairment were prospectively recruited, with
n = 132 meeting post-enrollment inclusion criteria (see Experi-
mental Procedures and Supplemental Information for details
about subjects, Figure S1 for enrollment flowchart). They were
studied at three time points—1 to 2 weeks, 3 months, and
12 months—with a neurobehavioral battery and structural
(T1/T2, Flair), functional (resting state), diffusion, and perfusion-
based magnetic resonance imaging (MRI). This report concen-
trates on the acute neurobehavioral assessment (mean 13 ±
4.9 days) and structural MRI studies (Figure 1 for experimental
design). All studies were approved by the Washington University
Institutional Review Board.
The behavioral battery was both broad, covering multiple
domains (language, motor, memory, attention), and deep, as it
assessed different processes within each domain (Supplemental
Information for details about specific tests and references, Table
S1 for list of tests and domain of function tested). For instance,
the Motor battery measured strength, active range of motion,
dexterity, and function in the upper extremity, distally and
proximally, and strength, range of motion, and walking indexes
in the lower extremity. The Language battery measured auditory
comprehension, speech production, and reading both at the
single-word and sentence level; it also tested aspects of seman-
tic and phonological processing. TheMemory battery separately
examined verbal and spatial memory, and in each domain imme-
diate and delayed recall, recognition, and familiarity. The battery
also included measures of Executive Function like backward
spatial span and animal fluency. The Attention battery included
tests that are sensitive to neglect both acutely and chronically,
and covered both goal-driven and stimulus-driven attention,
two major axes in which attention deficits may manifest. It also
separately measured general performance, associated with sus-
tained attention, and visuospatial lateralized attention.
Clinical Representativeness of Study Sample
To assess whether the study sample (n = 132) was representa-
tive of the population of stroke patients at our medical center,
we selected from the Cognitive Rehabilitation Research Group
database (n = 6,260), which includes all the stroke patients
admitted to Barnes-Jewish Hospital in the last five years, a
source population control group selected based on the same
inclusion/exclusion criteria of the study. This group includes
n = 1,209 subjects who were compared in terms of demo-
graphics, risk factors, and neurological severity to the sample.
We also ran a group of healthy control subjects (n = 30), typically
spouses or first-degree relatives of our patients, age- and edu-
cation-matched to the stroke sample.
The study sample was well matched to the healthy controls on
most variables including age distribution, gender frequency,
race, education, and predisposing factors except incidence of
hypertension (stroke 70%; controls 26%, p < 0.001) and dia-
betes mellitus (stroke 31%; controls 16%, p < 0.001). Coronary
artery disease, atrial fibrillation, and depression were also well
matched.
As compared to the source population, the study sample was
younger (median age = 54 versus 62 years old; chi-square 39.1,
p < 0.001) and included a significantly greater proportion of
African-Americans (64% versus 35%; binomial test, p < 0.001).
Gender and education were matched. The sample had a higher
proportion of smokers (p < 0.001), a similar proportion of dia-
betes type II and hypertension, but a lower incidence of coronary
artery disease (stroke sample 8%; source population 22%, p <
0.001), atrial fibrillation (stroke sample 5%; source population
11%, p < 0.01), and depression (stroke sample 5%; source pop-
ulation 11%, p < 0.01) (Table S2).
In terms of stroke-related variables, the study sample and
source population were equivalent for average NIHSS overall
severity (mean = 7.5 versus 8.3), stroke side, and frequency of
aphasia, motor symptoms, and neglect. The study sample
had a significantly lower proportion of hemorrhagic strokes
(17% versus 24%, p = 0.016), fewer patients with mild (53%
versus 58%) or severe (13% versus 19%) strokes, and relatively
more patients in the intermediate range (34% versus 23%)
(chi-square = 8.843, p = 0.012) (Figure 2S). Overall the sample
is slightly skewed toward patients with moderate deficits who
are admitted to an acute inpatient rehabilitation unit (60% of
all stroke patients at Barnes-Jewish Hospital).
Behavior: Within-Domain Factor Analysis
The first major goal of the study was to describe the across-sub-
ject variability of neurological deficits. We used principal compo-
nent analysis (PCA), a common data reduction strategy that
identifies hidden variables or factors that capture the possible
correlation of behavioral scores across subjects. A high number
of factors within or across behavioral domains would be consis-
tent with a large number of behavioral syndromes, while a small
number of factors would be consistent with a few behavioral
clusters common across many subjects.A PCA with oblique rotation was run separately on the behav-
ioral data for each domain (e.g., motor, language, attention,
memory) (Table 1). The highest number of subjects tested in
each domain was used. In the motor domain (n = 117), two
main factors were identified for the left and right sides of the
body, respectively, which accounted for 77% of the variance
across all motor tasks and subjects. There was a high degree
of correlation between individual motor tests for both upper
and lower extremity that ranged between r = 0.73 and r = 0.95
(Table 1, Figures 2A and 2B). Interestingly, tests of walking
showed an intermediate correlation (r = 0.56–0.68 with each fac-
tor (Figure 2A). The two motor factors were not correlated
(Figure 2C).
In the language domain (n = 124), a single factor accounted for
76% of the variance across tasks and subjects (Table 1). This
factor strongly correlated with tasks of auditory comprehension
(Figure 2D), expression, and reading, with correlation coeffi-
cients ranging between r = 0.82 and 0.91 and clearly separated
subjects with lesions in the left versus right hemisphere (Fig-
ure 2E). Interestingly, processes that are typically considered
as separate in the aphasia literature were strongly correlated,
e.g., speech output versus comprehension (Figure 2F).
In light of the classic evidence for dissociations of different lan-
guage disorders, we also performed a PCA only on the patients
who scored 2 standard deviations below the healthy controls on
the language factor (n = 39). While we are aware of the small
sample size, the robust outcomes are significant in descriptive
terms. The analysis revealed two factors that accounted for
77% of the variance: tests of verbal comprehension (complex
ideational material, r = 0.98; commands, r = 0.80; reading
comprehension, r = 0.56) but also production (Boston naming,
r = 0.71; oral reading r = 0.52) loaded on the first factor ac-
counted for 66% of the variance, and tests of production/articu-
latory-phonetic processing (non-word reading r = 0.95; stem
completion r = 0.6; oral reading = 0.48) loaded on the second fac-
tor accounted for 11% of the variance (Table S3). Therefore,
when the analysis of the language tests was restricted to aphasic
patients, some evidence for separate comprehension and pro-
duction deficits was obtained. However, when the entire stroke
population was analyzed, patients who showed a comprehen-
sion deficit also showed some evidence of a production deficit
relative to patients who did not show a comprehension deficit.
A similar statement applies to patients who showed production
deficits.
In the memory domain (n = 98), two factors explained 66% of
the variance: visuospatial memory loaded on one factor with cor-
relations among tasks between r = 0.68 and 0.80 (Figure 2G), and
verbal memory loaded on a different factor with correlations
among tasks between r = 0.74 and 0.93 (Figure 2H). There was
no clear separation between working, immediate, and delayed
memory recall, and response criterion (discrimination index)
(Table 1). The two memory factors were correlated and did not
differentiate the side of the lesion (Figure 2I).
Finally, in the attention domain (n = 101), the factor analysis
identified three factors that accounted for 57% of the variance
(Table 1). The first factor isolated a contralesional visual field
bias, which included the Posner visual field effect (Figure 2J),
and Mesulam and BIT center of cancellation scores. This deficitNeuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc. 929
Figure 2. Principal Component Analysis within Each Domain of Function
(A) Factor scores for left side (blue, right hemisphere) and right side (red, left hemisphere) motor tests. Note walking in between (green).
(B) Scatter plot of Arm Research Action (ARA) test scores versus right motor factor scores. Healthy controls: green dots; left hemisphere patients: red dots; right
hemisphere patients: blue dots. Note that healthy controls were not included in PCA.
(C) Left versus right motor factor scores.
(D) Oral command versus language factor scores.
(E) Language factor scores versus lesion hemisphere.
(F) Boston Naming versus Word Comprehension scores.
(G) Spatial span versus Spatial memory factor scores.
(H) Hopkins Verbal Memory (% retained) versus Verbal memory factor scores.
(I) Verbal versus Spatial memory factor scores
(J) Posner visual field accuracy versus Attention visual field factor scores
(K) Posner overall reaction time versus Attention general performance factor scores.
(L) Language versus Attention visual field bias factor scores.
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Table 1. Principal Component Analysis within Each Domain of
Function
Motor Battery, Variance Explained: 77.2%
Pattern Matrix
Component 1 2
Left Shoulder Flexion 0.947
Right Shoulder Flexion 0.893
Left Wrist Extension 0.874
Right Wrist Extension 0.837
Left Grip Strength 0.782
Right Grip Strength 0.742
Left Hand 9-Hole Peg Test 0.850
Right Hand 9-Hole Peg Test 0.825
Left total ARA 0.952
Right total ARA 0.913
Timed Walk + FIM Walk Item 0.681 0.558
Left Lower Extremity
TOTAL Motricity Index
0.917
Right Lower Extremity
TOTAL Motricity Index
0.896
Left Ankle Motricity Index 0.921
Right Ankle Motricity Index 0.845
Language Battery, Variance Explained: 76.5%
Component Matrix
Component 1
Word Comprehension 0.858
Commands 0.885
Complex Ideational Material 0.855
Boston Naming Test 0.925
Oral Reading of Sentences ( 0.910
Comprehension of Oral
Reading of Sentences
0.890
Non-word Reading 0.825
Stem completion 0.914
Animal Naming 0.804
Memory Battery, Variance Explained: 66.2%
Pattern Matrix
Component 1 2
BVMT Total Immediate
Recall (T-score)
0.687
BVMT Delayed Recall (T-Score) 0.805
BVMT Percent Retained 0.766
BVMT Recognition
Discrimination Index
0.699
HVLT Total Immediate
Recall (T-score)
0.733
HVLT Delayed Recall (T-Score) 0.929
HVLT Percent Retained 0.897
HVLT Recognition
Discrimination Index
0.710
Spatial Span Forward 0.689
Spatial Span Backward 0.808
Table 1. Continued
Attention Battery, Variance Explained: 57.1%
Pattern Matrix
Component 1 2 3
Posner RT: Visual Field 0.671 0.499
Posner accuracy: Visual Field 0.828
Posner RT: Validity effect 0.539
Posner accuracy: Validity effect 0.779
Posner RT: Disengagement 0.584
Posner accuracy: Disengagement 0.361 0.419
Posner RT: Average 0.779
Posner accuracy: Average 0.408 0.605 0.484
Mesulam Center of Cancellation 0.749
BIT Stars Center of Cancellation 0.607 0.335 0.314affected both left and right hemisphere patients, but more
severely the latter group. The second factor isolated an overall
performance (sustained attention) factor loading on low accu-
racy and slow reaction times, and was present in left and right
hemisphere patients (Figure 2K). The third factor was related to
deficits in shifting attention (Posner validity accuracy and disen-
gagement RT) (Table 1).
To examine the relationship between within-domain behav-
ioral deficits and side of lesion, we ran t tests on each domain
score between left and right hemisphere lesion patients. As
expected based on clinical experience, deficits of language
were more severe in left hemisphere patients (p < 0.0001), while
deficits of spatial attention (visual field bias) were more severe
in right hemisphere patients (p < 0.03) and were not correlated
with each other (Figure 2L). Motor deficits were lateralized as
well (right motor, p < 0.0001; left motor, p < 0.0001). Verbal mem-
ory was weakly lateralized to the left hemisphere (p < 0.051),
while spatial memory, attention overall performance, and atten-
tion shifting were not lateralized.
In summary, the within-domain factor analysis isolated one
or a few robust factors that accounted for large amounts of
behavioral variance indicating that deficits within a domain are
correlated.
Behavior: Across-Domain Factor Analysis
Next, we looked at the relationship among deficits in different
behavioral domains, i.e., the factors isolated in the within-
domain PCA, using a higher-order PCA across domains.
This is a well-accepted strategy to look at the hierarchical struc-
ture of factors (Turken and Dronkers, 2011). The data from
67 subjects included all of the test scores necessary for the
analysis.
Three main uber-factors accounted for 69% of the variance.
Language (0.88), verbal memory (0.89), and, at an intermediate
level, spatial memory (0.59) loaded on a first factor. Left-sidemo-
tor (0.77), visual field bias (0.80), general performance (0.66),
and spatial memory (0.53) loaded on a second factor. A third
factor was associated with right-side motor (0.85), visual field
bias (0.35), and attention shifting (0.68). We examined theNeuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc. 931
Figure 3. Higher-Order PCA
The diameter of each red circle corresponds to the % variance accounted for
by each factor. The font size corresponds to the loading of each function onto
the factor.lateralization of these factors by comparing factor scores for left
versus right hemisphere lesions. Factor 1 (language, verbal and
spatial memory) was not lateralized (p = n.s.), likely because of
the bilateral representation of spatial memory; factor 2 (left mo-
tor, visual field bias, general performance, and spatial memory)
was lateralized to the right hemisphere (p < 0.01); and, factor 3
(right motor, visual field bias, and attention shifting) was lateral-
ized to the left hemisphere (p < 0.001). This factor structure is
represented in Figure 3 where the size of each red circle indi-
cates the percentage of variance across subjects accounted
for by each uber-factor, while the size of the labels for each
domain of function indicates the strength of loading on that
uber-factor (see Table S4 for the loadings of each uber-factor).
A different way to examine the correlation among behavioral
scores is simply to compute a correlation matrix of raw scores
for the different tests across subjects (Figure 4) (see Table S5
for PCA on raw scores). This approach allows for the visualiza-
tion of strength of correlation within and between domains.
The ‘‘block’’ structure along the diagonal indicates strong corre-
lation among the different tests within each domain (language,
verbal memory, spatial memory, left and right motor). Tests of
spatial attention and exploration for left and right visual field
correlate (Posner L/R visual field; BIT and Mesulam cancella-
tion). Overall accuracy and reaction times on the Posner task
(last two rows of the ‘‘attention’’ block in Figure 3) were corre-
lated, consistent with a general performance factor. Note that
general performance correlated with many tests in other do-
mains, consistent with the clinical observation that sustained
attention is necessary for performance of many cognitive func-
tions. Walking scores correlated with both left and right motor
scores as one might expect for a function that involves both
sides of the body.
Across domains there was a robust correlation between lan-
guage, verbal memory, and spatial memory consistently with
uber-factor 1 as detected in the higher-order PCA. Each motor
factor (left or right) correlates with congruent visual field biases932 Neuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc.consistent with uber-factors 2 and 3. These impressions were
confirmed by a PCA on the raw scores for the individual tests.
This analysis also identified three main factors that accounted
for 48% of the variance and were similar to those identified by
the higher-order factor analysis (regions defined by dashed lines
in Figure 3). Factor 1 loaded on language and verbal and spatial
memory tests. Factor 2 loaded on left-side motor tests for upper
and lower extremities, including tests for strength, range of mo-
tion, dexterity, and function; it also loaded on visual field bias as
captured by accuracy and reaction time on the Posner task and
Mesulam center of cancellation. Finally, factor 3 loaded mainly
on right-side motor tests and modestly with visual field bias.
In summary, both the higher-order PCA and the PCA on the
raw scores identified three main axes of behavioral impairment:
one related to language and memory, one related to left-body
motor and left spatial attention, and one related to right-body
motor deficits and right spatial attention.
Anatomy
Because previous studies have described the topography of
stroke using visual inspection, the second major goal of the
study was to characterize the topography of stroke using a
voxel-wise analysis of structural lesions. Each lesion was manu-
ally segmented on structural MRI scans and checked by two
board certified neurologists (MC, AC).
Figure 5 shows a voxel-wise average of the segmented lesions
normalized to a standard brain atlas (see Experimental Proce-
dures, Table S6 for individual lesion information, and Table S7
for localization of lesions in this and other published studies).
The majority of strokes were localized subcortically and concen-
trated in the basal ganglia, central white matter, and thalamus.
Cortical lesions were less common, and predominantly occurred
in the middle cerebral artery distribution. The location (cortico-
subcortical, subcortical, white-matter only) of each individual
lesion was assigned with an unsupervised K-means clustering
on the percentage of total cortical/subcortical gray and white
matter masks overlay, and was as follows: brainstem, 7%; cere-
bellum, 17%; cortical 13%; cortico-subcortical 23%; subcor-
tical, 16%; and white matter only 23%. The majority of lesions
(39%) were subcortical, including white matter.
The average lesion volume was 34,176 mm3 (4272 voxels of
2 3 2 3 2 mm). The periventricular white matter disease load
was low (mean = 1.2 ± 1.5 out of 9 grades), as were the number
of lacunes (mean = 1.6 ± 2.7). Low white matter disease and low
number of lacunes were part of the inclusion/exclusion criteria
to insure that the neurological impairments were related to first
time stroke.
Behavior-to-Anatomy Relationships: Single-Domain
Prediction
To map lesion-behavior relationships, we applied ridge regres-
sion models separately for each factor. Ridge regression is a
multivariate machine-learning method. In this application, the
distribution of damaged voxels is used to generate leave-one-
out predictions of continuous factor scores in each domain
(language, left and right motor, attention [visual field bias], spatial
and verbal memory) (see Figure S3, Experimental Procedures,
and Supplemental Information for explanation of methods).
Figure 4. Correlation Matrix of Behavioral Scores
The color scale indicates Pearson r-values. C1–C3 refers to factors 1–3 as described in the text. y axis: individual tests. x axis: functional domains.The accuracy of themodel can be assessed by the percentage of
variance explained. Theweights (u) from themodel can be back-
projected to the brain to display the most predictive voxels.
Importantly, multivariate methods such as ridge regression con-
trol for hidden biases such as the vascular distribution of damage
(Mah et al., 2014).
Figure 6 shows the ridge regression u maps for each factor
score domain by domain. The color scale reflects z-scored
predictive weights for damage to that voxel as compared to a
random distribution. The bar graphs on the right show the per-
centage behavioral variance accounted for respectively by the
lesion volume and spatial distribution. In other words, the% vari-
ance measure indicates the strength of the structural prediction
for different deficits.
Several results are notable. First, lesion volume accounts for
only small amounts of variance (< 20%) in all domains. Second,
the location of structural damage explains different amounts of
variance for different behavioral factors: high variance for left
motor deficits (54% of variance) and language (44%); moderate
variance for right motor deficits (27%) and attention/visual field
biases (34%); and little variance for verbal (17%) and spatial
memory (4%) deficits.Third, each deficit is associated with damage to many
different regions, cortical and subcortical, often in different
vascular distributions. Motor deficits were associated with dam-
age to the corona radiata, internal capsule, basal ganglia
(caudate, putamen), and insula/frontal cortex. Language deficits
were associated with damage to regions vascularized by both
middle (MCA) and posterior cerebral arteries (PCA): classic
language regions such as left (Broca) and right inferior frontal
gyrus, left middle frontal gyrus, left anterior insula, left caudate,
left posterior superior (Wernicke), middle temporal gyrus, left
inferior parietal lobule, and basal ganglia in the MCA distribution,
and left ventral occipito-temporal cortex near/at the word form
area and thalamus in the PCA distribution. There was also
extensive damage in ventral and dorsal white matter of left
frontal, temporal, and parietal cortex. Visuospatial biases were
stronger for damage to the right dorsal periventricular white
matter, right inferior frontal/anterior insula, and basal ganglia
(MCA), and thalamus and medial temporal cortex (PCA). Finally,
verbal memory deficits were more strongly associated with
damage of the frontal white matter, basal ganglia, especially
caudate, and thalamus in the left hemisphere; whereas spatial
memory was related to bilateral damage of the same structures,Neuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc. 933
Figure 5. Topography of Stroke
Lesion overlay map in atlas space. Color scale: number of subjects with lesions at each voxel.but also right posterior parietal and underlying white matter
damage.
Behavior-to-Anatomy Relationships: Across Domains
Next, we looked at the anatomical relationships between factors.
To map regions of the brain whose damage corresponded to
behavioral deficits in multiple domains, we created a conjunction
of ridge regression maps, one per domain (L/R motor; language;
verbal and spatial memory; L/R attention visual field). The maps
were weighted for the amount of behavioral variance explained
by multiplying the z-scored u values (maps in Figure 5) by the
% variance explained (bar graphs in Figure 5). Before conjunc-
tion, the maps were binarized using a threshold of 25 corre-
sponding to a z score of 2.5 and 10% of behavioral variance
explained. Interestingly, we found that the regions of damage
most strongly associated with deficits in multiple domains (5 or
6 domains) localized bilaterally to the dorsal frontal white matter,
thalami, and basal ganglia (Figure 7A). The contribution of
cortical regions could not be sensitively evaluated given lesion
overlap was lower in cortex.
The white matter regions qualitatively map onto regions that
contain multiple long-range white matter tracts such as the
longitudinal fasciculus, arcuate fasciculus, and cortico-spinal
tracts. To test this idea more closely we hypothesized that the
number of fiber tracts damaged should relate to the number of
impaired behavioral domains.
To examine this hypothesis we mapped the conjunction of
ridge regression maps onto a probabilistic tractography atlas
(Thiebaut de Schotten et al., 2011) generated in 40 healthy indi-
viduals. The 57 reconstructed tracts were generated at 20%,
40%, 60%, 80%, and 100% probability of across subject
overlap and overlaid on a single image to measure tract overlap.
Figure 7B shows the tract conjunction image created by sum-
ming 40% probability tracts with white regions corresponding
to 1 tract and black regions corresponding to 8+ tracts. The
red-orange color scale shows the regions of damage across
multiple domains based on the conjunction of the single-domain
ridge regression maps. We found that regions of maximal
damage across domains overlapped with regions of high white
matter tract overlap. The tracts with most overlap across do-
mains (> 3) included anterior thalamic projection, cortico-spinal,
frontal aslant, SLF II, and SLF III. Quantitatively, there was a
significant regression between behavioral domains affected
and number of white matter tracts damaged, and this relation-
ship was independent of the percentage of overlap across934 Neuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc.healthy subjects used to define the tracts (p < 0.0001 indepen-
dently at each level of tract overlap: 20%, 40%, 60%, and
80% of healthy subjects) (graph Figure 7B). To ensure that any
potential bias in the lesion sample distribution was removed,
the statistical analysis was carried out on voxels that were
affected by at least eight lesions, and after regressing out the
linear trend between behavioral domain overlap and number of
lesions per voxel (Figure S4).
In summary, the behavior-to-anatomy analyses both within
and across domains indicate that each behavioral domain is
associated with a specific set of regions of damage. These re-
gions are relatively distributed, especially for cognitive deficits,
and involve multiple vascular distributions. That is, lesions in
different parts of the brain cause a correlated, domain-wide set
of impairments in language, memory, and attention. Notably,
deficits across multiple domains correlate with damage to
subcortical regions like thalamus and striatum, and specific
regions of the white matter that contain multiple white matter
tracts. Damage to these structures likely leads to disconnection
of many cortical regions whose physiological dysfunction also
likely contributes to the correlation among deficits.
Control for Lesion Volume and Location
An important potential confound for the results noted above is
lesion volume. Larger lesions may impact larger parts of gray
or white matter and produce multiple deficits within a domain
or across domains, hence inducing correlation. To examine
this possibility we ran the correlation across all behavioral scores
after removing lesion volume as a covariate of no interest. Fig-
ure S5 shows the correlation matrix of raw scores as total corre-
lation and as partial correlation after regression of lesion volume.
Note that the last row in the top matrix (total correlation) repre-
sents the correlation between lesion size and all other scores.
A marginal effect is present only with attention scores (Posner,
Mesulam, BIT). The correlation structure and clusters of deficits
were unchanged. We conclude that lesion volume did not
contribute to the behavioral clusters.
The results were the same after removing patients with brain-
stem and cerebellar lesions.
Finally, to examine whether the pattern of behavioral correla-
tionwithin domain or across domainswas related to the predom-
inantly subcortical distribution of lesions, a PCA was also run
for a purely subcortical group (thalamus, basal ganglia, n = 30)
and a highly heterogeneous group of cortical lesions (n = 35).
The correlation structure both within and across domains was
Figure 6. Ridge Regression Maps Relating Behavioral Deficits to Anatomical Damage
The color scale indicates weights (u) determined by ridge regression for six behavioral factors, normalized to have a standard deviation of 1. Inset bar graphs
show the percent of variance explained by lesion size alone (blue) or by lesion location (red). The dashed lines indicate significance thresholds determined by
10,000 random permutations of factor scores (5%–6%).similar, with the same number of factors identified explaining the
same amount of variance (cumulative variance explained for
subcortical group = 70%; for cortical group = 72%) (Figure S6).
The spatial correlation between the two matrices was r =
0.6318. We tested the null hypothesis that this value is not
different from a random distribution obtained by scrambling
the lesion location assigned to each patient (i.e., cortical versus
subcortical) 10,000 times. The mean correlation value of the
cortical and subcortical matrices computed over the 10,000
scrambled assignments was: r = 0.5952 ± 0.0455, with 95%con-
fidence intervals of 0.5092–0.6577. Based on these findings the
two correlation matrices are not different. However, given the
small number of patients and uneven sampling of cortical space,
we consider this analysis preliminary.DISCUSSION
In this study, we examined whether behavioral variability
following stroke is best described by a large number of mostly
independent syndromes or by a relatively small number of
factors comprising clusters of correlated deficits within and
between domains of function (motor, language, attention, and
memory). We also mapped the topography of stroke lesions
and determined the association between lesion damage and
our factor scores of behavioral impairment.
Subcortical Stroke Topography
The anatomy of stroke was predominantly subcortical with
a relative paucity of cortical lesions (< 20%) in line with otherNeuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc. 935
Figure 7. Anatomy of Correlated Behavioral
Deficits
(A) Conjunction map of ridge regression maps for
seven behavioral domains (L/R motor, language,
verbal memory, attention visual field bias, general
performance, attention shifting). Each single-
domain map was corrected for multiple com-
parisons correction and binarized. The color scale
(1–8) indicates at each voxel the number of sig-
nificant ridge regression maps.
(B) Correlated behavior and disconnection.
Lesions affecting white matter regions of high
tract overlap (SLF/AF/CST/etc.) cause deficits in
multiple domains (motor, language, etc). The gray-
to-white overlay on the atlas-registered subject
average is a conjunction of 57 white matter tracts.
White indicates 1 tract and black indicates 8+
tracts overlap (at 40% tract probability) in that
voxel. The yellow-to-red overlay is the conjunction
of eight domain specific Logistic Regresion maps.
Yellow indicates 3 behavioral domains affected
and red indicates 6 or more domains affected
by lesion to that voxel. Graph: as the number of
domains effected by lesion to a given voxel
increases, the number of WM tracts contained in
that voxels increases.prospective clinical samples (Kang et al., 2003) (Wessels et al.,
2006). Kang et al. (2003) studied with diffusion imaging n = 172
acute stroke cases, of which n = 104 were single lesions: 50%
of these strokes were classified based on visual inspection as
subcortical including basal ganglia and thalamus; 33%were cor-
tico-subcortical; and 16% were cortical. Wessels et al. (2006)
studied a total of n = 510 acute strokes, of which n = 302 were
single lesions also classified by inspection: 66% were subcor-
tical; 16% were cortico-subcortical; and 14% were pure cortical
lesions. Kang et al. classified 50% of their single lesions as
subcortical (including white matter) while Wessels et al. classi-
fied 66% of their single lesions as subcortical. The percentage
of cortical only lesions was comparable across the three studies
(this study = 13%; Kang et al.: 16%; Wessels et al. = 14%) (Kang
et al., 2003; Wessels et al., 2006).
Demographic factors (e.g., greater proportion of African-
Americans) or differences in risk factors (e.g., lower incidence
of atrial fibrillation or coronary artery disease) in our sample as
compared to the source population, or the inclusion require-
ments of the study (i.e., suitability for MRI scans and neuro-
psychological testing), did not likely bias the predominantly
subcortical topography. Our study and Kang et al.’s (Kang
et al., 2003) were drawn from metropolitan areas in the U.S.
(St. Louis, Washington, DC) that include relatively large pro-
portions of African-Americans, while patients in Wessels et al.
(2006) came from a small city in central Germany (Giessen)936 Neuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc.with a population almost entirely Cauca-
sian. Cardio-embolic strokes common
after atrial fibrillation are associated
with a cortico-subcortical topography
(Kang et al., 2003; Wessels et al., 2006)
whose frequency in our sample was wellmatched to others. Hypertension and diabetes type 2, two of
the most important risk factors for subcortical strokes, and in
African-Americans, were well matched to the source population.
Finally, the percentage of hemorrhagic strokes, which are more
likely to occur in subcortical structures (e.g., putamen), was
actually lower in our sample.
In conclusion, the topography of damage as shown in Figure 5
is representative of the stroke population with single lesions.
Correlated Behavioral Deficits within and across
Domains of Function
Behavioral deficits were strongly correlated within each domain
(e.g., motor, language, attention, and memory) with one or a few
factors accounting for the majority of variability.
In the motor domain, the neurological exam separates deficits
of strength, coordination, and planning. Neuropsychological
investigations have distinguished between sensory versusmem-
ory-driven movements and reaching versus grasping (Kalaska
et al., 1997; Rizzolatti et al., 1997; Wise et al., 1997). In this study
two factors (left body, right body) accounted for 76% of the vari-
ance with tests of strength, coordination, dexterity, and function
all being highly correlated. This result has been shown on smaller
samples of patients with motor deficits (Lang and Beebe, 2007).
It is also known that acute impairment of shoulder function is
strongly predictive of recovery of hand function (Beebe and
Lang, 2009). Our study clearly shows that lesions in different
parts of themotor system do not in general selectively impair one
type of movement, e.g., reaching versus grasping, or one type
of process, e.g., strength versus coordination, but disrupt move-
ments concurrently across multiple joints. These findings are
consistent with the emerging idea that natural movements can
be described by a small number of correlated components, or
muscle synergies, that involve both proximal and distal move-
ments, and are represented in patterns of neural activity at
multiple levels in the motor system (Cheung et al., 2009; Cheung
et al., 2012; Howard et al., 2009; Ingram et al., 2008). Corre-
spondingly, lesions in many regions including motor cortex,
putamen, insula, frontal and parietal cortex, and descending
motor pathways and brainstem resulted in the samemotor factor
deficits (Figure 7).
In the language domain, a single factor accounted for 76% of
impairment variability across tests of expression, auditory
comprehension, and reading, both at the single-word and sen-
tence level. As a result, patients with a language dysfunction,
e.g., in reading, will nevertheless show some impairment across
all language functions, as compared to patients without any
impairment in that domain. Therefore, when measured over a
heterogeneous population, classic aphasia syndromes (e.g.,
Broca, Wernicke, or Alexia) account for more modest amounts
of variance (20%–30%) than overall impairments in language.
Anatomically, this common language impairment mapped to
multiple nodes of a distributed language network, which
included not only classic perisylvian regions (left inferior frontal,
superior temporal gyrus, anterior temporal, inferior parietal),
but also left caudate, thalamus, fusiform gyrus, and right inferior
frontal. Both dorsal and ventral white matter were also involved
(Figure 7).
In the attention domain, we obtained three factors related to
deficits of lateralized spatial attention (both perceptual and
motor), sustained attention/general performance, and attention
shifting/re-orienting. Notably, these components were strongly
correlated among subjects.While the literature on spatial neglect
has been concerned with identifying ‘‘pure’’ neglect sub-types,
and many dissociations have been proposed (e.g., perceptual
versus intentional; spatial attention versus vigilance), our find-
ings emphasize that most neglect patients have multiple concur-
rent deficits. Anatomically, attention biases were most strongly
localized to the right dorsal periventricular white matter near/at
the superior longitudinal fasciculus in line with a growing litera-
ture (Thiebaut de Schotten et al., 2014), but also right inferior
frontal gyrus, right insula, thalamus, and parahippocampal gy-
rus, classic regions associated with neglect. A notable absence
was the right temporo-parietal junction, which, however, was not
well sampled (Figure 5).
In the memory domain, we found a strong correlation among
multiple processes (long-term, short-term, and working mem-
ory), and between spatial and verbal memory (Figure 2I).
Anatomically, verbal memory had a left hemisphere damage dis-
tribution similar to language, while spatial memory had a bilateral
distribution of damage that included both cortical and subcor-
tical tissue.
Behavioral deficits across domains were also well correlated.
Three uber-factors explained about 70% of inter-individual vari-
ability in behavioral performance (Figure 3), of which one loadedon language/memory and two loaded on motor/attention, one
in each hemisphere. Overall, much of the complexity of a neuro-
logical evaluation was summarized with a few scores.
This conclusion is consistent with previous studies of the
factor structure of the NIHSS (Lyden et al., 2004, 1999). When
we analyzed our patient sample using the NIHSS recorded at
the same time as the behavioral battery, we obtained a similar
factor structure to what previously reported (Table S8).
Therefore, our findings indicate that even when behavioral
domains are tested in detail, neurological impairment in a hete-
rogeneous population is surprisingly well described by a few
behavioral clusters. These clusters are ground knowledge,
serving as behavioral phenotypes for large-scale future studies
in genomics, recovery, outcome, and treatment.
Why Are Behavioral Deficits Correlated in Stroke?
There are many possible reasons for the observed behavioral
correlation. Our control analysis rules out lesion volume. This
variable did not have any effect on the overall correlation struc-
ture of behavioral impairment and in each domain accounted
for little variance (< 20%).
Another explanation is the distribution of behavioral deficits
in a group of patients with heterogeneous lesions. Consider
four patients: patient A with a left hemisphere lesion producing
severe speech output deficits, but only moderate auditory
comprehension deficits; patient B with a different lesion who
has the opposite pattern of impairment; and patients C and D
with no language deficits. In an across-subject correlation
analysis, different language impairments will correlate in a single
factor. To isolate more specific language factors one has to
restrict the analysis to patients with language deficits (i.e., A
and B). For example, when we ran the PCA just on patients
with aphasia two factors emerged, one more related to speech
output and one to auditory comprehension. While ‘‘pure’’ syn-
dromes are rarely seen in practice, future studies will need to
examine finer behavioral clusters within each behavioral domain
using more homogeneous groups of patients.
The statistical association of behavioral deficits partly reflects
the relative frequency of strokes in different vascular distribu-
tions. Strokes are most common in the middle cerebral artery
distribution, especially in the deep branches. Hence the associ-
ation of visuospatial attention and motor deficits (uber-factor 2
and 3) is likely related to the proximity in the middle cerebral
artery territory of cortical regions and white matter pathways
(e.g., cortico-spinal and superior longitudinal fasciculus) whose
damage causes these deficits (Schaechter et al., 2009; Thiebaut
de Schotten et al., 2014). However, this argument does not work
for factor 1, which does not show a clear hemispheric laterali-
zation and combines domains with a relatively left dominant
(language, verbal memory) versus bilateral anatomy (spatial
memory).
The correlation among deficits within and across domains re-
flects a complex interaction between multiple factors, including
the type of domain impaired (e.g., sensory-motor versus lan-
guage versus cognitive), the location and volume of the lesion,
the white matter pathways affected, and the secondary physio-
logical disruption caused either by cortical or subcortical/white
matter damage on otherwise structurally normal regions of theNeuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc. 937
brain (see below, Putative Physiological Correlates of Behavioral
Variability/Correlation). Hence a complete account of behavioral
variability and correlation will require multivariate models that
take into account all of the above variables.
In this study, we have made two important observations on
the effect of structural damage on behavioral variability and
correlation among deficits.
Anatomical Correlates of Behavioral Variability/
Correlation
Symptom-lesion mapping studies in the last decade or so have
identified a number of cortical loci whose damage cause specific
deficits or syndromes (Barbey et al., 2013; Bates et al., 2003;
Dronkers et al., 2004; Gla¨scher et al., 2009; Hillis et al., 2002;
Karnath et al., 2004; Hillis et al., 2005; Verdon et al., 2010). These
studies, based on univariate analyses that consider each voxel in
the brain independently, cannot estimate the amount of behav-
ioral variance explained by lesion location or volume. Univariate
analyses also do not control for hidden biases such as the
vascular distribution of damage that may consistently distort
lesion-deficit maps (Mah et al., 2014; Phan et al., 2010).
Here, we applied ridge regression, a multivariate machine
learning method that uses a leave-one-out procedure to develop
and test an optimal model relating the multi-voxel distribution of
lesion damage, as well as lesion volume, to a measured behav-
ioral impairment, in this case factor scores in each domain. This
procedure allows an estimate of how well the model predicts
behavioral variance in individual subjects.
Using this novel methodology, we show that lesion volume
accounts for less than 20% of variance in any domain. Further-
more, structural damage explains a higher proportion of variance
for motor (40% on average between left and right side) and
language deficits (44%) than other cognitive deficits: attention/
visual field biases (34%), verbal memory (17%), and spatial
memory deficits (4%). We believe that this distinction reflects
the cortical organization of these functions, with motor behavior
strongly related to the integrity of the motor outflow tract and
language dependent on highly specialized cortical regions. In
contrast, cognitive functions such as attention and memory
depend on highly distributed patterns of activation and appear
to be less sensitive to structural damage. An important predic-
tion is that motor, and perhaps sensory deficits, will be more
strongly correlated with structural damage of input/output
pathways, whereas cognitive deficits should be more strongly
correlated with widespread functional abnormalities of brain
networks (see below, Putative Physiological Correlates of
Behavioral Variability/Correlation).
The second important observation is that we show that
patients with deficits across multiple domains have damage to
‘‘cross-road’’ regions of the white matter containing multiple
white matter tracts (as well as in the basal ganglia and/or thal-
amus) (Figure 7). Notably, this multiple-domains/multiple-tracts
relationship was independent of the greater frequency of
subcortical lesions in our sample. The tracts whose damage
was correlated with deficits in multiple domains (> 3) included
anterior thalamic projections, corticospinal, frontal aslant, and
SLF II and III, which connect wide swaths of prefrontal cortex
to thalamus, anterior to posterior cortex, and cortex with spinal938 Neuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc.cord. While the importance of white matter disconnection as a
pathogenetic mechanism for specific neurological syndromes
has been appreciated since Jules Dejerine (Catani andMesulam,
2008; Geschwind, 1965; Henderson, 1984), these results indi-
cate that white matter disconnection is generally important for
post-stroke behavioral deficits, not just for uncommon deficits
such as alien hand syndrome or alexia.
The disconnection of white matter leads to remote physiolog-
ical effects in regions of cortex that are structurally intact. The
cortical distribution of these abnormalities may partly account
for the observed behavioral correlations.
Putative Physiological Correlates of Behavioral
Variability/Correlation
One possible mechanism of remote cortical dysfunction is meta-
bolic diaschisis, i.e., a reduction of blood flow and/ormetabolism
caused by anatomical disconnection after subcortical stroke.
Cortical diaschisis has been associated with cortical deficits
like aphasia and spatial neglect, and their resolution (Hillis
et al., 2002; Karnath et al., 2005; Perani et al., 1987). Diaschisis
of specific cortical ‘‘hub’’ regions that connect multiple networks
could explain the correlation of behavioral deficits (Warren et al.,
2014).
However, there are several reasons why this explanation is
not satisfactory. First, the same behavioral impairment can be
obtained for lesions in widely separate regions that would
produce different patterns of diaschisis. For instance, different
patterns of diaschisis would be observed after left caudate and
left fusiform gyrus lesions, yet both loci are associated with
language impairment (Figure 6). Similarly, across domains,
language and spatial memory deficits are highly correlated
(0.88 and 0.59, respectively) with the first uber-factor, yet localize
to different anatomical loci, even in different hemispheres. Sec-
ond, in preliminary work, we show that the factor structure of
behavior correlation is independent of the subcortical versus
cortical location of damage. Therefore, cortical diaschisis alone
cannot account for the observed results.
A second mechanism is the disruption of inter-regional signal
coherencemeasured at rest with BOLD-fMRI.We originally iden-
tified this novel physiological abnormality in small groups of
patients with attention and motor deficits post-stroke (Carter
et al., 2010; He et al., 2007), and these findings have been repli-
cated in various studies (Wang et al., 2010; van Meer et al.,
2010). In a recent study on a subset of the same cohort of first-
time stroke examined here (Baldassarre et al., 2014), we found
that visuospatial biases, as in uber-factor 2, were associated
with multi-network and multi-regional coherence abnormalities.
These abnormalities included both decreased inter-hemispheric
correlation in attention and sensory-motor networks and
increased intra-hemispheric correlation with fronto-parietal/
default or basal ganglia regions in the damaged hemisphere.
Critically, multi-network coherence abnormalities were wide-
spread and were independent of structural damage, making
them a plausible explanation of the behavioral correlations that
are not well accounted for by lesion location.
Future work will apply multivariate methods to measures of
lesion damage, white matter integrity, and functional connectiv-
ity to explore this issue in-depth.
Study Limitations
There were two important limitations to this study. First, some
important cognitive domains (emotion, social cognition, theory
of mind, and, to some extent, executive functions) were either
not tested or only coarsely evaluated. This limitation reflected a
cost-benefit analysis of how much behavioral testing was
feasible at the acute stage. Now that we have shown strong
correlations among many different measures within important
cognitive functions, many tests could be dropped in future
studies in exchange for a more thorough investigation of the
above functions.
The absence of measures in some domains may partly
account for unexplained behavioral variance within and across
the domains that were investigated, as may the imperfect sam-
pling of processes within those latter domains. For example,
more variance might have been explained in the attention
domain if processes such as attention to the body or objects
were assessed. In addition, some of the unexplained variability
reflected noise in the measurements. Across domains, the
three factors explained 69% of the variance even though fewer
subjects (n = 67) had measures in all domains. The variance
explained would be higher if more subjects were available.
A second limitation was the relatively small number of lesions
that overlapped the same cortical location, which limited the
sensitivity of the multivariate ridge regression at those locations.
Previous large-scale studies have used a threshold of n = 4 sub-
jects (Gla¨scher et al., 2009), but more recent work indicates that
as many as 10 subjects per voxel are necessary to avoid false
positives in univariate analyses (Medina et al., 2010). The current
distribution of lesions reflects the fact that strokes have a pre-
dominantly subcortical topography at the population level, and
that white matter disconnection is an important contributor to
behavioral correlation, but it renders the anatomo-clinical asso-
ciation in cortical regions less robust.
Conclusions
Neurologists have long concentrated on rare and interesting
cases, leading to a proliferation of behavioral syndromes. Neuro-
psychologists have used double dissociations between deficits
as the gold standard for the identification of mental operations.
As a result we think of neurological deficits as highly specific
and indicative of a highly modular functional organization of
cortex. While we do not deny the importance of syndromes,
our results show that syndromes represent the ‘‘tip of the
iceberg.’’
Here we focus on the great majority of patients who do not
attract a lot of attention on rounds in stroke and rehabilitation
units, the ‘‘bulk of the iceberg.’’ In these patients deficits are
correlated and can be summarized with a few uber-factors
divided between motor-attention and language-memory impair-
ments. The behavioral correlation is due to the predominant
subcortical/white matter topography of stroke and damage of
white matter pathways, especially cross-road regions with high
tract overlap.
Hence, in contrast to prevailing views and the majority of fund-
ing by agencies, stroke is better conceptualized as a subcortical
than cortical disease. Novel models of subcortical damage and
cognition are necessary to understand this disease, which isthe most important cause of disability in the world. Finally, our
results strongly argue that the symptoms and signs of stroke
that are observed at the bedside do not reflect just the effect
of structural lesions but also their remote physiological effect
on connected regions. Therefore, a stronger correlation of brain
measures with behavior will be obtained if structural information
is integrated with physiological information.
EXPERIMENTAL PROCEDURES
Subjects
Study Sample
Subjects (n = 172) were prospectively recruited, of whom 132 met post-enroll-
ment inclusion criteria. Figure S1 shows the diagram of enrollment (CONSORT)
for this study.
Inclusion Criteria. (1) Age 18 or greater. No upper age limit. (2) First symp-
tomatic stroke, ischemic or hemorrhagic. (3) Up to two lacunes, clinically silent,
less than 15 mm in size on CT scan. (4) Clinical evidence of motor, language,
attention, visual, or memory deficits based on neurological examination. (5)
Time of enrollment: < 2 weeks from stroke onset. (6) Awake, alert, and capable
of participating in research.
Exclusion criteria. (1) Previous stroke based on clinical imaging. (2) Multi-
focal strokes. (3) Inability to maintain wakefulness in the course of testing. (4)
Presence of other neurological, psychiatric or medical conditions that
preclude active participation in research and/or may alter the interpretation
of the behavioral/imaging studies (e.g., dementia, schizophrenia), or limit life
expectancy to less than 1 year (e.g., cancer or congestive heart failure class
IV). (5) Report of claustrophobia or metal object in body.
Healthy Control Group
A healthy control group (n = 31) were matched with the study sample for age,
gender, and years of education.
Stroke Source Population
A larger control group (n = 1,209) was selected from from a clinical database
(n = 6,260) using the same inclusion/exclusion criteria. Stroke and controls
provided informed consent according to procedures approved by the Wash-
ington University Institutional Review Board.
MRI and Lesion Analysis
Lesions were manually segmented on structural MRI images (T1, T2, Flair)
using the Analyze biomedical imaging software system (Robb and Hanson,
1991), and automatically classified based on their overlap with three masks
(gray matter, white matter, and subcortical regions including basal ganglia
and thalamus). Each mask was computed as 50% conjunction of 38 single-
subject FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) (Dale et al., 1999)
gray and white matter segmentations obtained from an independent group
of healthy volunteers (age range = 18–35) on 1 3 1 3 1 mm MP-Rage
T1-weighted images. A K-means clustering in MatLab (MatLab Works) was
run using the percent of lesion volume that intersected with each mask
(i.e., number voxels in the lesion overlapping with each mask/total number
of voxels in the lesion) as input, to display the overlap of each lesion group
with gray matter, white matter, and subcortical nuclei. The number of lacunes
on the MRI was recorded and the periventricular white matter was rated
according to (Longstreth et al., 1996).
Behavioral Data Reduction
A principle component analysis was used on the data within each of the do-
mains (motor, language, attention, memory) to reduce the number of variables
to a smaller number of composites. We expected the components to be
correlated, so an oblique rotation was used. Components had to satisfy two
criteria: (1) the eigenvalues had to be > 1; (2) the percentage of variance
accounted for had to be > 10%. A higher-order principal component analysis
was used on the components that resulted from the within-domain analyses.
In this case the correlations between the resulting components were low,
and the results were similar for oblique and orthogonal rotations, so we
chose to use orthogonal rotations, since these are easier to interpret. TheNeuron 85, 927–941, March 4, 2015 ª2015 Elsevier Inc. 939
distributions of some of the variables are not normal and could not be made
normal through transformation. To ensure this is not influencing our results
we compared the correlations between the variables using a Pearson’s
correlation and a rank order correlation (Spearman’s Rho). To make sure the
structure was similar we replicated the within-domain principle component
analyses using rank-order correlation (Spearman’s Rho).
Lesion-Behavior Mapping
The voxel-wise relationship between lesion maps and behavioral scores for
each domain was analyzed using amultivariate leave-one-out ridge regression
machine learning algorithm (Figure S3). First, the dimensionality of voxel-wise
lesion maps was reduced using PCA. Second, model weights were optimized
to predict a behavioral score based on lesion PC scores on all but one subject.
Third, optimal model weights were applied to the lesion of the left-out subject
to predict that subject’s behavioral score. A prediction was generated for all
subjects in this way. We chose to use a linear ridge regression function to
minimize bias but retain the ability to plot predictive weights back to brain
anatomy (Mah et al., 2014; Phan et al., 2010). See Supplemental Experimental
Procedures for further details. Solving for behavioral scores in each domain
produced two outputs: 1) accuracy –% variance explained (r2), and 2) a weight
map – a vector (u) containing relative predictive weights for every voxel in the
brain (Fig.S3). The weight map was then weighted by amount of behavioral
variance explained by multiplying u*r2. A conjunction across behavioral
domains was computed by masking at u*r2 > 25 and adding the masks for
L/R motor, language, verbal and spatial memory, attention visual field bias,
general task performance, and attention shifting.
Quantification ofWhiteMatter Damage andRelationship to Behavior
We used a probabilistic tractography atlas (Thiebaut de Schotten et al., 2011)
from 40 healthy right-handed adults. The atlas includes 57 tracts each at 20%,
40%, 60%, 80%, and 100% probabilities of overlap across subjects. The 57
tracts were thresholded at different probabilities and then overlaid in a single
image to measure tract overlap.
To compute the impact of lesions on white matter tracts, we compared the
conjunction of weighted ridge regression maps for the 8 deficits listed above
and computed the relationship between functional domains and white
matter tract overlap. Only voxels with at least 5 lesions were included in Fig-
ure 7 (only voxels with at least 8 lesions were included in the equivalent graph
in the Figure S4).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
eight tables, and six figures and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2015.02.027.
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